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ABSTRACT
A series of 3-alkyl-2,4-dimethoxy-1,4-cyclohexadienes were 
prepared from 2 ,4-dimethoxy-1,4-cyclohexadiene. Attempts were made 
to carry each of these through a general procedure to give 
analogous series of 2-alkyl-1,3-cyclohexanediones, 2-alkyl-2- 
phenylthio-1,3-cyclohexanediones, and finally 2-alkylidene-1, 
3-cyclohexanediones. One example of a stable 2-alkylidene-1,
3-cyclohexanedione was obtained. Two other species were prepared 
in situ and trapped by a Diels-Alder cycloaddition. The various 
steps of the synthesis were studied in detail in order to obtain 
maximum yields, which were affected by variables such as reaction 
temperatures and crystallization solvents. Products were analyzed 
by *H NMR and IR spectra, and melting points were obtained.
SYNTHESIS OF 2-ALKYLIDENE-1,3-CYCLOHEXANEDIONES
INTRODUCTION
Unsaturated p-dicarbony1 compounds are versatile synthetic 
intermediates. The geminally substituted electron-withdr lwing 
carbonyl groups serve to strongly activate the olefin toward 
certain carbon-carbon bond forming reactions, for example, the 
Diels-Alder eyeloaddition and the Michael reaction. This, coupled 
with the versatile chemistry of the carbonyl system, establishes 
great synthetic potential for these compounds. Consequently, the 
preparation of unsaturated (3-dicarbony 1 systems has been an area of 
long-standing interest in organic chemistry, and continues to be 
important today.
The high reactivity of the unsaturated (3-dicarbonyl system is 
due to the unusually high polarity of the carbon-carbon double 
bond. A consideration of the resonance structures for
3-methylene-2,4-pentanedione(1) illustrates this point.
2
3To the extent that electron density is delocalized to the 
electronegative' oxygen atoms, the p-carbon is left 
electron-deficient. The tt electron distribution for (1) has been 
calculated using a modified Huckel method^, and is listed in 
Figure 1.
H CH
ch2
tt electron charge 
1 +.2003
3.3
4.4
-.0583
+.2526
-.3236
Thus, the p-carbon has a net charge of +.2e, accounting for the 
high electrophilic reactivity of this site.
The types of resonance structures drawn to illustrate the 
electron delocalization in 3-methylene-2,4-pentanedione(1) are 
exactly analogous to those used to explain the high acidity of 
saturated p-dicarbonyl compounds, e.g. 3-methyl-2,4- 
pen taned ione (2 ):
4The importance of resonance structures like 2(a-c) reflect 
the e_ withdrawing ability of the 2 ,4-pentanedione carbonyl 
system, and so we might expect that the charge polarization of 
the olefin in unsaturated (3-dicarbonyl compounds is related to 
the pKa of the "parent" saturated j3-dicarbony1 system. The lower 
the pKa, the better the inherent electron-withdrawing ability of 
the saturated (3-dicarbonyl moiety, and the more highly polarized 
(and hence more reactive) will be the unsaturated p-dicarbonyl 
compound.
With this in mind, it is interesting to look at the effects 
of structure and substituents on the pKa of various p-dicarbonyl 
systems (Table 1).
It is of interest to note that in acyclic p-dicarbonyl 
systems, the trend in pKa parallels the stability of the alkylidene 
derivatives. Thus, while 2-methylene-2,4-pentanedione (derived 
from 2,4-pentanedione, pKa=9) is an exceptionally reactive 
molecule, polymerizing readily at room temperature, conjugation of 
the acyclic p-dicarbonyl system with an electron releasing group 
leads to increased operational stability of the corresponding 
methylene derivative. For example, benzoyl acetone (pKa= 9.40) and 
ethylacetoacetate (pKa=10.68) form relatively stable, isolable 
methylene compounds in reasonable y i e l d s . ^ The Tr-electron- 
donating ability of the phenyl group and the alkoxy group, 
respectively, lowers the electron demand of the adjacent carbonyl 
group (e.g. resonance structure 3) and effectively diminishes the
Table 1. pKa values of various p-dicarbonyl systems
o  o
£Ka
10.68
9.40
Ka
2.1 x 10~11(2)
4 x 10 ]0 (2)
9.00 1.0 x 10 9 ^
6electron-withdrawing nature of the p-dicarbonyl system. The 
absence of these features on the 2-methylene-2,4-pentanedione 
molecule leads to maximum polarization of the alkylidene bond, as 
shown previously in resonance structures 1(a-c).
It is also interesting to look at the conformational 
properties of these compounds. No serious steric interferences 
are found in the planar conformer of 3-methylene-2,4-pentanedione, 
so that maximal TT-overlap within the chromophore is possible. On 
the other hand, the planar conformer of 3-ethylidene-2,
4-pentanedione exhibits a serious steric interaction involving the 
vinyl methyl group (Figure 2), and as a result the chromophore 
cannot be entirely planar. Theoretical calculations show that the 
3-methylene-2,4-pentanedione prefers a conformation where one 
carbonyl group is in an s-cis position with respect to the 
carbon-carbon double bond, while the other carbonyl is in an 
s-trans position.^
3
CH2
H.C H
H
3 -  methylene -2 ,4  - pentanedione 3-ethylidene-2,4 - pentanedione
Figure 2. overlap of chromaphores
Since maximum polarization due to the resonance effects described 
earlier occurs when the enedione system is planar, one would 
expect those compounds with planar configurations to be more 
reactive than those which cannot exist in a planar configuration. 
Indeed, evidence shows that the methylene compound, which 
polymerizes immediately,^ is much more reactive than the ethylidene 
compound, which is isolable as a stable compound.^ It does not 
seem to be satisfactory to explain this great difference in 
reactivity by the mere steric ability of the ethylidene group to 
hinder reactivity. There seems to be something more involved here, 
and these electronic effects are a reasonable explanation.
Cyclic unsaturated (3-diketones, forced by the constraints of 
the ring to be planar or near-planar, thus derive maximum
polarization due to efficient TT-overlap. This is manifested in 
the dramatic (ca 10,000 fold) increase in acidity of cyclic 
(3-diketones relative to their acyclic counterparts. (Table 1). 
Therefore, it can be expected that cyclic unsaturated p-dicarbonyl 
compounds will be substantially more reactive than their acyclic 
counterparts. Indeed, inspection of the literature shows that 
while several unsaturated acyclic p-dicarbonyl compounds are 
known, examples of the analogous 2-alky1idene-1,
3-cyclohexanediones, e.g. (4), are extremely rare. Nearly all of 
the examples mentioned are those which include either a
heteroatom or an extended t t -network to stabilize the 
electron-deficient alkylidene system.9 One exception is the 
preparation of 5 ,5-dimethyl-2-(2-methylpropylidene)-1, 
3-cyclohexanediones:^

is o m e m e s
Aside from this one example of a simple 2-alkylidene-1, 
3-cyclohexanedione, some work has been done in the preparation of 
the lower homologs, 2-alkylidene-1,3-cyclopentanediones.^  The
11
exceptional reactivity of these reactive eyelopentanoid systems 
demonstrates their great potential in organic syntheses. The 
cyclohexyl ring is a fundamental structural unit common to nearly 
every major class of natural product. Thus, 2-alkylidene-1, 
3-cyclohexanediones are attractive synthetic building blocks for 
the preparation of eyelohexanoid natural products. The high 
reactivity of the enedione system allows for introduction of a 
wel1-functionalized (two carbonyl groups) cyclohexane unit. The 
potential utility of 2-alkylidene-1,3-cyclohexanediones, as well as 
the fundamental scientific value in the preparation and 
characterization of these heretofore elusive compounds is strong 
motive for their investigation.
This thesis describes the preparation of several
2-alky1idene-1,3-cyclohexanediones. Several methods for the 
preparation of their acyclic counterparts are well-known, but it is 
important to examine the utility of these methods in the 
preparation of cyclic unsaturated p-diketones.
The most widely-used method for preparing ac}^clic
3-alky1idene-2,4-pentanediones is the Knoevenagel condensation.
2 ,4-pentanediones with a primary alkylidene group, such as 
ethylidene, n-propylidene, or n-butylidene, in the desired position 
are often prepared by Knoevenagel condensation of an aldehyde with 
the dione.  ^2
12
o 35‘ 40°C Q
R C H = 0 ♦
CHo THF 0°C
Ti (IV) chloride/ base
, , Pi per idene 
H 3  Acetic Acid
RCH
o
R= Yields
52%
60-75%
60-75%
These reactions proceed in yields of 50 to 70 percent. No examples 
were found to suggest that a secondary alkylidene group in the 
3-position could be introduced by Knoevenagel condensation. One 
example of the preparation of 3-isopropylidene-2,4-diester in 46 to 
49 percent yield by Knoevenagel condensation is known, but the 
analogous reaction of a dione is unknown.^
The preparation of 2,4-diones with secondary alkylidene 
groups, such as isopropylidene or eyelohexylidene, in the desired 
position may be prepared by alkylation of the dione enolate with 
the appropriate geminal nitrochloride. Interestingly,
u.v. irradiation of the reaction mixture causes the process to 
proceed much more rapidly. Because of this, the alkylation is 
considered to proceed via an Srj^ I mechanism. Subsequent 
elimination of the elements of HNO2 leads to formation of the 
3-alkylidene-2,4-pentanedione.
Y'Y'1
base/
solvent
-  —  m
(No H/ 
dimethyl -  
formamide) XT'
SdkiI process
r2c in o 2 --------►
hv, N2
25-35°C
R R,
CH,
C6H5
OC2H5
iPr 
eyelohexyl 
eyelohexyl
Yields
70%
56%
86%
Sr^I mechanism for Rj, = CH3 , R£ = iPr :
x . —
ir
O O
AA
-c r A - -N
I
base/
solven t 2
electrophilic rad
M
14
A o
regenerated
O o o o o o
o
♦
By this procedure, 2-chloro-2-nitropropane is used as an 
acetone equivalent in the preparation of the isopropylidene 
dione. This reaction proceeded in 70 percent yield, and the 
product consisted of a ketorenol ration of 55:45. The 
interconversion of tautomers is very slow, and it can be assumed 
that this was not an equilibrium mixture.
It was also found that the presence of an electron-donating 
phenyl or ethoxy group on the pentanedione chain gave good yields 
of the respective isopropylidene dione products with a keto:enol 
ratio of > 2 0 : 1 . ^  Since the presence of the enol form, which is
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no longer an alkylidene dione, is reflective of the lack of 
stability of the ene dione, the extent to which enolization 
occurs is significant. As shown previously (resonance structure 
3), the presence of an electron-donating group adds stability to 
the ene dione system, and so the high keto:enol ratios in these 
systems are expected.
The synthesis of the cyclohexylidene dione was also 
accomplished by the same route. No example of
3-cyclohexylidene-2,4-pentanedione was found, but the less reactive 
benzoylacetate or acetoacetate derivatives could be prepared. In 
these cases, the product was a mixture of two keto forms and one 
eno1 form (5).
OH O
R= Ratio
C6H5
OC2H 5
23%:40%:37% 
38%:14%:48%
Attempts to prepare cyclic unsaturated (3-diketones by 
Knoevenagel condensation have been unsuccessful. Instead, the
16
reaction of 1,3-cyclohexanedione with aldehyde yields the 2:1 
adduct 13, even in the presence of excess aldehyde. Presumably, 
the 2-alkylidene-1,3-cyclohexanedione A is an intermediate, but is 
even more reactive toward available nucleophile
(1,3-cyclohexanedione anion) than the starting aldehyde, and so the 
product of Michael addition is obtained e x c l u s i v e l y . ^
orr* piperazine
In fact, the conversion of aldehydes to their methone derivatives 
(reaction with 5,5-dimethyl-1,3-cyclohexanediones) is based on 
this chemistry, and is useful for characterizing volatile low 
molecular weight aldehydes. Obviously, the nucleophilic conditions 
of the Knoevenagel condensation are inconsistent with the high 
electrophilicity of 2-alkylidene-1,3-cyclohexanediones.
Another method for the formation of the acyclic compounds 
involves the use of lead tetraacetate followed by pyrolysis to 
give methylene and isopropy1idene complexes:^
17
Pb(OAc)
 V
pyrolysis
R=
Me
iPr
Yields
polymerized immediately
60% (keto-enol = 40:60 after 
fractional distillation)
The methylene compound was found to be highly reactive, as 
could have been predicted by the electrophilicity of its p-carbon. 
It could not be isolated because it polymerized immediately.
The isopropylidene product was more stable and existed in a 
keto/enol mixture of 40/60 after fractional distillation to 
remove acetic acid, starting material, and other impurities. 
Redistillation gave pure enol, which has a lower boiling point 
than does the keto product. The synthesis of this compound by 
Knoevenagel condensation yielded a 55:45 ketorenol product, but
18
in this case the product was allowed to reach its equilibrium 
mixture, resulting in a 40:60 ratio. ^
2-methylene-1,3-diones have also been prepared by the 
pyrolysis of propargyl e s t e r s a t  high temperatures and low 
pressures, in the gas phase. Reasonably good yields of — 72 
percent were obtained.
PhC=CCHf5CCH3
680 °C
PhC
c h2
c h 3
MECHANISM
19
Other 2-methylene-1,3-dicarbony1 compounds have been prepared 
by a thiomethylation-oxidation-elimination sequence.^ Reaction of 
the 1,3-dicarbonyl compound with N-methylthiomethylpiperidine 
hydrochloride gives the corresponding C-alkyl product C^. Oxidation 
to the sulfoxide and thermolysis in refluxing toluene effects 
elimination of methyl sulfenic acid, generating the methylene 
(3-dicarbony 1 system.
NalO,
Oxidation
CH3
toluene
pyrolysis c h 2
R=
C6H5
ic5H n °
Yield
79%
77%
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Unfortunately, this method failed when applied to cyclic 
{3-dicarbony1 compounds. The C-alkylation of 5,5-dimethyl-1,
3-cyclohexanedione (dimedone) proceeded in very low yield, probably 
due to the well-known complications of C- vs. O-alkylation of
cycloalkanediones.^O
A similar method involves a simple phenylselenenylation-
oxidation-e1imination sequence from the a-carbon of the alkyl 
. 2 1group:  ^1
PhSeBr
SePh
ox
This has become a standard method for converting saturated carbonyl 
compounds to their (3-unsaturated derivatives, based on the facile 
elimination of selenoxides. In the above example, this has been 
extended to the preparation of unsaturated p-dicarbonyl compounds 
as well. When an attempt was made to further extend this 
organoselenium chemistry to the preparation of a cyclic unsaturated 
p-dicarbonyl compound, 2-alky1idene-1,3-cyclopentanedione, it was 
unsuccessful^ due to the homolytic frangibility of the 
carbon-selenium bond. A switch to the analogous sulfur chemistry
21
turned out to work nicely. On this basis, it seemed reasonable to 
extend this method to the preparation of unsaturated
2-alky1idene-1,3-cyclohexaned iones.
RESULTS AND DISCUSSION
The sulfenylation-oxidation-elimination route which was 
chosen for the synthesis of 2-alkylidene-1,3-cyclohexanediones 
required the preparation of 2-alky1- 1,3-cyclohexanediones, to be 
used as the starting material in the synthesis. Thus a convenient 
method for the preparation of a series of 2-alkyl-l,
3-cyclohexanediones had to be found.
In the search for a desirable method, the approach reported 
by Newcome et al^3 was the first to be explored. The first step 
of the procedure involves the building of a carbon chain via the 
Mannich reaction, in which the alkylation of 4-methy1-2-pentanone 
(methyl isobutyl ketone) is carried out by treatment with 
diethylamine hydrochloride and paraformaldehyde in ethanol, with 
acid catalyst. This was followed by the preparation of a
EtjNH
HCHO
o E»OH
r*f|ux 6hr.
R=iPr
22
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quarternary iodide, which was carried on in a sequence of reactions
involving the preparation of a keto diester, a keto acid, and
finally a keto ester. The keto ester was treated with NaH in ether
Me 
/
n T
NE,2 CH3 I
ether Et
Et
CH2(GOOEtL
|N a °
NaCH(C02Et)2
c o 2e.).
T O T
E tO H /H + 
OH _
24
to effect an intermolecular Claisen condensation, and the final 
product was 2-isopropyl-1,3-cyclohexanedione. This method turned
\ V  N a H
R— /  \   ► "  | R = iPr
C H 3< /  ether
out to be unsatisfactory, because although the yields for the final 
five steps were good, the yields reported by the authors (60 
percent) for the synthesis of 1-diethylamino-5-methylhexan-3-one by 
the Mannich reaction could not be duplicated. Yields of only 5 to 
6 percent of the desired product were obtained in each of several 
attempts. The major problem with this particular reaction was a 
lack of reactivity. Periodic analysis of the reaction mixture by 
gas chromatography showed that the starting material did not react 
during six hours at reflux.
A variation of the Mannich reaction described by Newcome, 
where the solvent (ethanol) was eliminated and an excess of 
ketone was used, also proved unsuccessful, as again very little 
of the ketone reacted. Use of an excess of paraformaldehyde did 
not lead to any improvement.
An alternative approach to the synthesis of 2-alkyl-l,
3-cyclohexanediones, described by Piers and Grierson, ^  proved to 
be more promising. Meta-dimethoxybenzene could be prepared very
25
simply from readily available resorcinol by the method described by 
Ullmann.25 The Birch reduction described by Piers worked well as
o
CH3 0 - S - O C H 3
0H O ^ O H  _________H3CO->s^ '^'OCH3
long as the m-dimethoxybenzene solution was added to the 
sodium/1iquid ammonia reaction mixture very slowly. If not, the 
reaction mixture frothed violently due to the highly exothermic 
nature of the reduction. To alleviate some of these problems, a 
liquid nitrogen/chlorobenzene slush bath was added underneath the 
reaction vessel. Even with this precaution, a significant amount 
of Na metal was deposited on the upper walls of the reaction flask 
as the reduction proceeded. In order to obtain maximum yields, it 
was necessary to shake the flask occasionally in order to 
redissolve the sodium "mirror" which had formed. Best results were 
obtained when an excess of Na metal, indicated by the deep blue 
color of the reaction mixture, was maintained throughout. The 
reaction mixture became colorless after all the sodium had reacted.
CH3 ° X ^ ^ O C H3 CH30 _ ^ 0 C H 3
k j  T T
26
HfoYTocr3e-
EtOH OCH
HoCOEtOH
An attempt to run this reaction on a larger scale (1.5 times 
larger) led to difficulties; the reaction mixture would foam up 
into the cold-finger condenser as conditions became more and more 
exothermic, thus leaving a Na "mirror" inside the condenser. It 
was important to maintain the chlorobenzene slush system by 
repeated addition of liquid nitrogen. The product,
1,5-dimethoxy-1,4-cyclohexadiene, was extracted and distilled, 
and was stable if stored in the cold. Exposure to air and moisture 
was minimized to prevent oxidation back to the aromatic.
27
The product of the Birch reduction was alkylated with a 
variety of iodides and bromides, via an organolithium derivative.
It might be expected that lithiation would occur at another carbon 
atom than that which would lead to the desired product. There are
Li
OCH3 th f /h m p a
two factors that account for the observed regioselectivity which 
results in the formation of the desired product. The particular 
allylic position which is lithiated is a consequence of the 
directing influence of the methoxy groups. The Li is more likely
to be directed by a weak coordination with the oxygen atoms to 
carbon-6  rather than carbon-3 of the dienyl system, resulting in 
the formation of the pentadienyl anion shown above. Although
28
lithiation might be expected to 
the higher acidity of vinylic pr 
sp^ carbon, is favored since it 
highly conjugated pentadienyl an 
The second factor which acc 
regioselectivity is the position 
of the pentadienyl anion can the 
sites. The resonance structures 
true, and they seem to predict a 
5a-c).
5 5a 5b 5c
Because of the higher thermodynamic stability of conjugated 
systems, it might be expected that resonance structures 5a and 5c 
are the predominant resonance contributors, thus leading to 
alkylation at carbons 2 and 4. However, due to a higher electron 
density at the central carbon of the dienyl anion, only the 
desired product, the product of alkylation at carbon-6 , is 
obtained. It has been shown previously that alkylation occurs
occur at carbons 2 or 4 because of 
otons, lithiation at carbon-6 , an 
leads to the formation of the 
ion.
ounts for the observed 
of alkylation. The alkylation 
oretically occur at any of three 
of the anion show this to be 
mixture of products (structures
29
preferentially at the central carbon atom of similar pentadienyl 
systems due to the higher electron density at that s i t e . ^ 6
Piers employed t-butyl lithium as his organolithium reagent, 
but it was found that the diene could also be treated with the 
less reactive and more convenient n-butyl lithium, with a few 
variations introduced. Initially, direct substitution of n-BuLi 
for t-BuLi was attempted without any modifications. Since 
temperature control was crucial to the success of the reaction, a 
thermocouple was used to monitor all temperature changes. After 
addition of the n-BuLi to the cold (~78°C, liquid nitrogen/ethyl 
acetate slush bath) THF solution of 1,5-dimethoxy-1,
4-cyclohexadiene, the temperature was carefully monitored and not 
allowed to go above -60°C for one hour. The addition of HMPA after 
this period resulted in an immediate color change from yellow to 
bright red. During subsequent alkylation, it was observed that the 
red color was discharged after addition of only a few drops of the 
alkyl halide, and very low yields of the alkylated product were 
obtained. The premature loss of the red color, assumed to be 
indicative of the presence of the anion, implied that metalation 
was not occuring to a great extent with the use of n-BuLi.
Allowing the reaction mixture to stir for longer periods of time 
after the addition of HMPA, at the same low temperatures, did not 
remedy the situation. The product obtained was primarily starting 
material.
30
At this point, it was discovered after a certain amount of 
trial and error that if the temperature of the reaction mixture 
was allowed to rise after the addition of HMPA, the reaction 
mixture became deeper red or maroon in color. The higher 
temperatures allow more complete metalation, as evidenced by the 
deeper color. This color change was thus found to be a desirable 
quality leading to maximal yields.
To take advantage of this situation, the reaction mixture 
was again monitored by thermocouple after HMPA was added, and the 
temperature was allowed to rise to -40°C for 30 minutes. This 
was best accomplished by removing the reaction vessel from the 
bath, and, if the temperature started to rise above -40°C, 
replacing it. After this period of time, the reaction flask was 
again immersed in the bath and cooled down to -78°C for an 
additional 30 minutes. The addition of alkyl halide is essentially 
a titration of the eyelohexadienyl anion, with an instantaneous 
color change from red to yellow at the end point. Close to the 
theoretical amount of halide is added before the red color is 
discharged, foreshadowing the ultimate success of the reaction.
This modified n-BuLi method was used to duplicate the high 
yields obtained by Piers with t-BuLi for alkylation with methyl 
iodide. It was also found that s-BuLi was an effective reagent 
using the above method. Piers reports alkylations involving 
several primary alkyl halides, and it was not surprising that his 
method could be used with ethyl iodide in the preparation of
31
3-ethyl-2,4-dimethoxy-1,4-cyclohexadiene. What was a bit 
surprising was that this method could be used with secondary 
halides with excellent results. Alkylations were performed using
2-bromopropane, bromocyclopentane, and bromocyclohexane with 
great success. Alkylation occurred as desired, via an S^2 
mechanism, a bit surprising since base induced elimination might 
be expected to compete with the use of the more hindered secondary 
halides.
All of the reactions gave very good yields, with the exception 
of the ethyl iodide alkylation, which gave a yield of 70 percent, 
with some unreacted starting diene present. The product in each 
case was an oil which could be purified by prep gc to obtain an 
analytical sample. Distillation of these compounds was attempted 
but proved to be problematic. Both vacuum distillation and 
aspirator distillation were difficult due to foaming in the pot. 
Kugelrohr distillation failed to separate the product in a pure 
form. The undistilled dienes were analyzed by gc for purity. 
Conversion of the alkylated dienes into 2-alkyl-1,
3-cyclohexanediones was accomplished conveniently as described by 
Piers, taking care to exclude oxygen from the reaction mixture 
during the hydrolysis. It was important to handle these compounds
R R
Hci/HjQ
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carefully in order to prevent oxidation to the more stable aromatic 
species. In this way, corresponding diones were obtained of purity 
sufficient for the subsequent sulfenylation. Analytical samples of 
most of the diones could be obtained by recrystallization from 
ethyl acetate. The 2-cyclopentyl-1,3-cyclohexanedione was 
especially difficult to crystallize efficiently, but a small 
analytical sample could be obtained by crystallization from ether. 
Several other solvents were tested as crystal1ization solvents, 
including benzene, benzene/heptane, and ethanol, before settling on 
ethyl acetate. The other solvents tended to be more likely than 
ethyl acetate to cause an oiling out of the dione.
The crude products were best used immediately, since they 
tended to decompose on standing after a few days. This process 
appears to be catalyzed by trace impurities in the crude dione, 
since recrystallized samples of the diones have been kept for 
months with degradation.
The sequence of five 2-alkyl-1,3-cyclohexanediones prepared 
are summarized in Table 2.
With this series of five 2-alky1-1,3-cyclohexanediones, the 
preparation of their 2-alkylidene-1,3-cyclohexanedione analogs by 
sulfenylation, followed by oxidative elimination, could be 
explored. It was found that the methyl- and ethyl-1,
3-cyclohexanediones were smoothly and nearly quantitatively 
sulfenylated by treatment with n-phenylthiophthalimide (NPTP) in 
triethylamine and benzene. When heated at reflux for two hours,
33
60
C <T \0 I"-•H U CNI CNI CM
4—> O O UN •— CO.—1 r— CM UN <f
QJ CM 00 >— •—
E *J 1 1 1c oo <— o o• * r-< o UN
Li
t po
CNI
60
c
• H ^ "N
4-J o vD OO UN c o
i—iO O r — c o CO
QJ w CM T— f— r—
E 1 1 1 1 1
4-1 UN UN \0 < t O
• C O r - CO CO O '
O
b
s
d
po
i CM
tn
OJ
c
o• H
TJQJ
C
CQ
X
QJ
-C
o
0
o
1
co
QJ
C
O• /—
TO 0J
T314-1 3
O i-i
u
T5 -_✓
r“4
0J
•
>• /—V
U
QJ OC
QJ 5n• r4 JO
•o
TO14-4 QJ
O 4-1
3
*o E• r4
QJ 4-J
• ^ Cfi
>< QJx—✓
e^s
cn
O'*
&-S
o>
CN
e^s
O'
CTN
s^e
ON
CTn
e^s
oi—
S'?
CM
B>S
CN
On
S'S
On
S^S
o>
cn
o>
o>
So
Jrf
r-H
<
I
CM
M-4
O
W
QJ-C
4-J
c
>N
CO
CN|
QJr—^
-D
CQ
H
CO
Z
a
CM
X
o
co
X
u
CDA
34
TLC (CH2CI2 ) showed complete disappearance of NPTP in both of these 
reaction mixtures. It was found that when the other three diones 
in the sequence, each of which contained a secondary alkyl group, 
were treated in the same manner, no substantial amount of the 
desired product was obtained. Instead, unreacted NPTP was isolated
NPTP
-OH NEt3
benzene
as the product. An examination of the NMR spectra of these 
five diones (Figures 3 - 7 )  may give a clue as to their differing 
reactivities toward sulfenylation. It can be shown that the two 
primary alkyl cyclohexanediones exist solely in the enol form, 
which is the tautomer required for sulfenylation. The spectrum of 
2-isopropyl-1,3-cyclohexanedione clearly shows the presence of 
both keto and enol tautomers, as evidenced by two distinct sets 
of isopropyl doublets. Another doublet at 2.75-3.00 can be 
assigned to the proton which is present on C-2 of the keto 
tautomer, the proton which is removed to form the enol tautomer. 
Thus, in chloroform solution, the isopropyl dione does not exist 
solely as enol. A look at the spectra of the cyclopentyl and 
cyclohexyl diones also show a distinct doublet in the same general 
area. This doublet is especially strong in the cyclopentyl dione
40
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spectrum. However, spectra of the ethyl- and me thy1-diones show no 
signals in that area of the spectrum. If any substantial amount of 
keto tautomer were present, one would expect to see a quartet in 
that area for the methyl dione and a triplet for the ethyl dione. 
Thus, NMR spectra show that while some keto tautomer is present in 
solutions of the secondary alkyl diones, the primary alkyl diones 
exist in the enol form.
It is logical that the bulky R groups of these secondary 
alkyl diones would inhibit enolization. It has been shown that 
2-tert-buty1-1,3-cyclohexanedione won't enolize at a l l.^ It is 
also observable that the secondary alkyl diones are relatively 
insoluble in base (amine) compared to the primary alkyl diones, 
and if enolization is inhibited by a bulky alkyl group, it might 
be expected that the dione is less acidic, and thus not as soluble 
in base as the primary alkyl diones. As a result, there is a low 
yield of sulfenylated product in the case of secondary alkyl 
diones.
Because of the correlation between enolization of these 
compounds and their solubility in base, a stronger base than 
triethylamine (NaH) was tested in the reaction. This reaction was
41
run in a liquid nitrogen/ethylacetate slush bath, using THF as the 
solvent. This procedure also failed to give the desired product. 
Presumably, the enolate anion was readily formed by reaction of the 
dione with NaH, but the sulfenylation step was apparently retarded 
by steric factors, due to the bulky R group.
Fortunately, it was found at this time that the reaction 
would proceed with a large excess of triethylamine if heated at 
reflux for a longer period of time, and when refluxed overnight, 
some of the desired product was obtained in a very crude, dark 
oil. It was important to add enough triethylamine to dissolve 
the reactants, substantially more than was required for the 
methyl and ethyl diones. The crude residue obtained was washed 
with dilute sulfuric acid and passed through a column of silica 
gel. Crystallization from ether yielded the desired sulfenylated 
product. A summary of these results is given in Table 3.
Oxidation of the sulfenylated diones by 
meta-chloroperoxy-benzoic acid and elimination leading to the 
2-alky1idene-1,3-cyclohexanediones could at last be examined.
Ph
I
Ph
mCPBA
40 mi
Earlier in this paper, the high reactivity of the
2-alkylidene-1,3-cyclohexanediones was predicted. The ene dione
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system is constrained by the ring to be planar or near-planar in 
these cyclic systems, thus leading to maximum polarization of the 
alkylidene bond due to resonance effects. Since it can be expected 
that these cyclic alkylidene p-diketones will be substantially more 
reactive than their acyclic counterparts, it was assumed that
2-methylene-1,3-cyclohexanedione could not be isolated as a stable 
compound. Indeed, the literature shows that even the acyclic
3-methylene-2,4-pentanedione has never been isolated as a stable 
compound. Because of these limitations, the methylene p-diketone 
was trapped with isoprene in a spirocyclic Diels-Alder reaction. 
This was accomplished by initial oxidation of the sulfenylated 
dione at 0° (ice bath), followed by addition of the diene and 
subsequent heating. This allowed for a smooth trapping of the 
alkylidene species, while at the same time preventing oxidation of 
the isoprene.
A
O
MECHANISM:
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The isoprene must be pure, and it was distilled to remove 
impurities such as limonene. The Diels-Alder adduct was isolated 
in pure form by passing it through a column of silica gel. 1R 
and NMR data were consistent with the assigned compound.
(Figures 8 and 9) The presence of the vinylic proton in the NMR 
spectrum was an important characteristic, and integration of the 
spectrum was also consistent. Analysis of the product by TLC 
(CH2CI2) showed that it appears as a single spot under iodine, but 
this spot is not visible under uv light. It was this quality which 
had led to its simple isolation by column chromatography.
2-Ethylidene-1,3-cyclohexanedione, also predicted to be a 
highly reactive compound, was similarly trapped by a Diels-Alder 
reaction to yield 7,9-dimethyl spiro [5.5] undec-8-ene-1,5-dione.
IR and NMR data (Figures 1C and 11) are consistent with the
c h 3 
CH
A 40 min.
expected compound, and as with the methylene compound, the product 
was isolated by passing it through a column of silica gel. Its
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properties on the TLC plate were, of course, analogous to those of 
9-methyl spiro [5.5] undec-8-ene-1,5-dione.
This simple in situ preparation of 2-methylene and
2-ethy1idene-1,3-cyclohexanediones under very mild conditions has 
great potential. The high reactivity of the ene dione system 
could be exploited in a variety of reactions and has promising 
utility for the introduction of a eyelohexanedione unit as a 
building block, e.g., in the preparation of the sesquiterpene 
(3-chamigrene ( 6 ) : 32
2-alkylidene-1,3-cyclopentanediones, a bulky alkylidene group 
adds stability to the compound. Thus, in the oxidative elimination 
of 2-cyclopenty1-2-phenylthio-1,3-cyclohexanedione to give
2-cyclopentylidene-1,3-cyclohexanedione, isoprene was not used to 
trap the product. The reaction was carried out under gentle
H
H
CH2
6
It has been demonstrated p r e v i o u s l y ^  that, in the case of
,Ph , \  ox o°c
ELIMINATION 
reflux 40 min
mCPBA
C .0
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conditions as shown previously. A pure sample of the product was 
isolated by passing it through a column of silica gel. IR and 
NMR spectra of this sample (Figures 12 and 13) was consistent with 
its structure, and this compound was found to be a relatively 
stable, crystalline substance. The stability of this compound is 
also evident when isoprene is added to the reaction mixture, as no 
Diels-Alder reaction occurs under mild conditions. Instead, the 
stable 2-pentylidene-1,3-cyclohexanedione is again isolated.
Some preliminary work has been done in the preparation of
2-cyclohexylidene and 2-isopropylidene-1,3-cyclohexanediones.
The oxidative elimination of 2-cyclohexyl-2-phenylthio-1,
3-cyclohexanedione was carried out under gentle conditions. NMR 
spectrum of this sample showed (Figure 14) impurities in the phenyl 
region. The aliphatic region of the spectrum may indicate the 
presence of the desired product, but this material was not obtained 
in a pure form.
The preparation of 2-isopropylidene-1,3-cyclohexanedione 
proved to be difficult. Since the sulfenylation step to form
2-isopropy1-2-phenyIthio-1,3-cyclohexanedione was unusually 
messy, yielding a crude product that was very difficult to 
crystallize, it was difficult to study the oxidative elimination 
reaction. Attempts were made to carry out the elimination both 
in the presence and in the absence of isoprene, but neither the 
pure product nor its Diels-Alder adduct were isolated.
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This simple and successful method for the synthesis of
2-alky1idene-1,3-cyclohexanediones has promising synthetic value 
and also opens many new doors for further exploration into the 
preparation and reactivities of these compounds. This study was 
also successful in extending Piers' synthesis of
2-alky1- 1,3-cyclohexanediones to the preparation of more 
complicated diones, by the use of secondary halides. The most 
significant aspect of this procedure for the synthesis of
2-alky1idene-1,3-cyclohexanediones is that it is very general and 
entirely systematic. A homologous series of those compounds can 
easily be prepared in a systematic way, allowing them to be 
readily available for further study, such as comparison of 
structural features and reactivities. This procedure is the 
first general synthesis of 2-aIky1idene-1,3-cyclohexanediones, 
and thus could have significance in a wide variety of systems.
EXPERIMENTAL
Proton NMR spectra were obtained on a Varian FT-80A 
spectrometer. Spectra were taken of solutions in 
deuteriochloroform or in deuteriochloroform/pyridine d5 , as 
indicated, and were referenced either to internal chloroform 
( 6 = 7.26 ppm) or to TMS. Chemical shifts are reported to a 
precision of -0.05 ppm and coupling constants to a precision of 
±1 Hz.
Infrared spectra were recorded on a Perkin-Elmer 1320 infrared 
spectrophotometer. Spectra were obtained either as solutions in 
chloroform or in a potassium bromide matrix, as indicated. 
Wavenumbers are reported to a precision of ilOcm- .^
Analytical thin layer chromatography (TLC) was performed on 
fluorescent-indicating silica gel using plastic sheets precoated 
to a thickness of 0.2 mm and supplied by E. Merck Company 
(Cat. 5775, Silica gel 60 F254.)* Visualization was accomplished 
under ultraviolet light or with iodine vapor. Column 
chromatography was performed using slurry-packed columns of 
either 60-200 mesh silica gel obtained from the J. T. Baker 
Chemical Company or neutral alumina, as noted. The eluting 
solvents are indicated. Gas chromatography was performed on a 
Hewlett-Packard 5790A gas chromatograph. Preparative gas
55
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chromatography was accomplished using a Hewlett-Packard 5750 
Research Chromatograph.
Melting points were measured on a Fisher Digital Melting 
Analyzer Model 355 and are uncorrected.
Reactions were generally run under an atmosphere of dry 
ni trogen.
Solvents were dried and distilled before use: tetrahydrofuran 
was distilled over benzophenone and sodium metal; ether was 
distilled over lithium aluminum hydride.
All reagents used as starting materials were obtained either 
from Fisher Scientific Company or Aldrich Chemical Company, Inc.
1,3-Dimethoxybenzene
The procedure followed was that described by F. Ullmann.^^
In a 2-L erlenmeyer, resorcinol (110 g, 1 mole) was added to 800 
ml of 10% (w/w) NaOH (aq), and the mixture was stirred to complete 
dissociation. Dimethyl sulfate (190 ml, 253 g, 2.0 moles) was 
added, and the reaction mixture was stirred magnetically. The 
reaction was very exothermic and was allowed to stir until the 
temperature dropped to room temperature. The organic layer was 
separated from the acidic aqueous phase, and the aqueous layer was 
extracted once with 100 ml of CH2C 1 2* The combined organics were 
concentrated in vacuo, and distillation of the residue afforded 
109.8 g (.83 mole, 83% yield) of 1,3-dimethoxybenzene as a clear 
colorless oil: bp 109°C (40 mm Hg) [lit. bp 214°C-^].
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1.5-Dimethoxy-1,4-Cyclohexadiene
The procedure followed was very similar to that described by 
Piers and Grierson.35 A chlorobenzene/liquid N 2 slush bath was 
used to cool the reaction flask, as well as the cold-finger 
condenser. Attempts to scale up this reaction were fraught with 
difficulties, due to the exothermic nature of the reaction. For 
spectral data, refer to Piers and Grierson.
3-Methyl-1,4-dimethoxy-1, 4-cyclohexadiene
In a 3-necked flask fitted with a septum, a nitrogen inlet, 
and a thermocouple, was placed a solution of
1.5-dimethoxy-1,4-cyclohexadiene (9.90 g, .071 mole) in THF (350 
ml). The solution was cooled to -78°C (ethyl acetate/1iquid N 2 
bath). N-BuLi (1.30 equiv., or 56 ml of 0.65 M in hexane, .0925 
mole) was added, and the resultant solution was stirred for 1 
hour. The thermocouple was used to monitor the temperature of 
the reaction mixture, and this temperature was not allowed to go 
above -60°C. HMPA (1.3 equiv., 16.05 ml, .0925 mole) was added 
and stirring was continued for an additional 1 hour (30 minutes 
at -40°C, 30 minutes at -78°C). The addition of HMPA resulted in 
a color change from yellow to red. At -40°C, the mixture became 
maroon in color. Addition of CH3I (1.31 equiv., .093 mole, 17.3 
g, 7.6 ml) resulted in an immediate color change of the reaction 
mixture (maroon to yellow). The reaction mixture was allowed to 
cool to room temperature, diluted with 250 ml brine and extracted 
three times with 250 ml portions of pentane. The combined pentane
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extracts were washed twice with brine and dried over anhydrous 
MgSO^.. The solvent was removed in vacuo to give 12.07 g of crude 
product, 92% pure by g c , a 99% yield based on GC purity. Pure 
samples for analysis were obtained by prep gc as a colorless oil,
IR (CHC13 ): 2940, 2910, 2810, 1685, 1590, 1510, 1450.
3-Ethyl-2 ,4-dimethoxy-1,4-cyclohexadiene
The preparation was analogous to that of the
3-methy1-2,4-dimethoxy-1,4-cyclohexadiene. The alkylating agent 
used was CH3CH2I (1.5 equiv., .1065 mole, 16.6 g, 8.5 ml). The 
crude product was 65% pure by gc, a 70% yield based on gc purity. 
There was a small amount of an unknown impurity present. IR 
(CHCI3 ): 2960, 2930, 2870, 2830, 1705, 1655, 1590, 1470, 1455,
1120; ]H NMR (CDCI3 ): ppm 0.75 (t, 3 H, J = 7 Hz), ppm 1.75 (m, 2
H ) , ppm 2.85 (m, 3 H ) , ppm 3.55 (s, 6 H), ppm 4.75 (t, 2 H, J = 4
Hz) .
3-Isopropy1-2,4-dimethoxy-1,4-cyclohexadiene
2-bromopropane (1.5 equiv.) was used as the alkylating agent 
in a procedure similar to that described for
3-methy1-2,4-dimethoxy-1,4-cyclohexadiene. The crude product was 
86% pure by gc, an 82% yield based on gc purity. IR (CHCI3 ):
2940, 1690, 1670, 1640, 1580, 1450, 1380, 1350; ]H NMR (CDCI3 ): ppm 
0.95 (d, 6 H, J = 7 Hz), ppm 2.75 (m, 3 H ) , ppm 3.55 (s, 6 H), ppm
3.80 (d, 1 H, J = 2 Hz), ppm 4.75 (t, 2 H, J = 2 Hz).
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3-Cyc1openty1-2 ,4-dimethoxy-1,4-cyclohexadiene
The preparation was analogous to that of the
3-methy1-2,4-dimethoxy-1,4-cyclohexadiene. The alkylating agent 
used was bromocyclopentane (1.5 equiv.). The crude product was 
82% pure by GC, a 91% yield based on gc purity. IR (CHCI3 ):
2940, 2850, 2810, 1675, 1640, 1440, 1390, 1025; ]H NMR (CDCI3 ): 
ppm 1.50 (m, 9 H), ppm 2.85 (m, 3 H), ppm 3.55 (s, 6 H), ppm 4.70 
(t, 2 H, J = 3 Hz).
3-Cyclohexy1-2,4-dimethoxy-1,4-cyclohexadiene
Bromocyclohexane (1.5 equiv.) was the alkylating agent used 
in a procedure similar to that described for 3-methvl-2,
4-dimethoxy-1,4-cyclohexadiene. The crude product was 71% pure by 
g c , a 99% yield based on gc purity. IR (CHCI3 ): 2915, 2820, 1675, 
1645, 1640, 1445, 1390, 1360, 1295; ]H NMR (CDCI3 ): ppm 1.30 (m, 11 
H ) , ppm 2.70 (m, 3 H ) , ppm 3.55 (s, 6 H), ppm 4.65 (t, 2 H, J = 3 
Hz) .
2-Methyl-1,3-cyclohexanedione
The procedure followed was that described by Piers and 
G r i e r s o n . H y d r o l y s i s  of 3-methyl-2,4-dimethoxy-1,
4-cyclohexadiene gave a 99% crude yield, which was of sufficient 
purity to use in the sulfenylation step. An analytical sample was 
obtained by crystallization from ethyl acetate to give a white 
solid, mp 205-206°C [lit. mp 208-21037]; IR (KBr pellet): 3410, 
2950, 2620, 1560, 1340, 1260, 1195, 1085; ]H NMR (py d5 -
CDC^)^ ppni 1.85 (s, 3 H), ppm 2.00 (m, 2 H), ppm 2.45 (t, 4 H, J 
7 Hz), ppm 11.40 (s, 1 H, -OH of enol tautomer).
2-Ethyl-1,3-cyclohexanedione
Hydrolysis of 3-ethyl-2,4-dimethoxy-1,4-cyclohexadiene gave 
a 99% crude yield. An analytical sample was obtained by 
crystallization from ethyl acetate to give a white solid, mp 
175-176°C [lit. mp 178°C38]; IR (KBr pellet): 3400, 2940, 2620,
1560, 1350, 1265, 1195, 1100; ]H NMR (py d5 - CDC13 ): ppm 1.00 
(t, 3 H, J = 8 Hz), ppm 1.90 (q, 2 H, J = 7 Hz), ppm 2.45 (m, 6 
H ) , ppm 9.50 (s, 1 H, -OH of enol tautomer).
2-Isopropyl-1,3-cyclohexanedione
Hydrolysis of 3-isopropyl-2,4-dimethoxy-1,4-cyclohexadiene 
gave a 99% crude yield. An analytical sample was obtained by 
crystallization from ethyl acetate to give a white solid, mp 136 
- 138°C; IR (KBr pellet): 3600, 2950, 2640, 1560, 1375, 1285,
1120; ^H NMR (py d5 - CDCI3 ): ppm 1.00 (d,**“ 2 H, enol tautomer
of isopropyl, J = 8 Hz), ppm 1.25 (d,~-4 H, keto tautomer of 
isopropyl, J = 8 Hz), ppm 1.90 (m, 2 H ) , ppm 2.45 (m, 4 H ) , ppm 
2.90 (d, — 1 H, keto tautomer, J = 10 Hz), ppm 3.20 (q, 1 H, J = 8 
Hz) .
2-Cyc1opentyl-1,3-cyclohexaned ione
Hydrolysis of 3-cyclopenty1-2,4-dimethoxy-1,4-cyclohexadiene 
gave a 99% crude yield. An analytical sample was obtained by 
crystallization from ether to give a while solid, mp 134 - 135°C;
61
IR (KBr pellet): 3400, 2940, 1695, 1550, 1360, 1260, 1130; ]H
NMR (py d5 - CDCI3 ): ppm 1.70 (m, 10 H), ppm 2.55 (m, 6 H), ppm
3.20 (d, '— .5 H, keto tautomer, J = 12 Hz).
2-Cyclohexyl-l , 3-cyc lohexaned ione
Hydrolysis of 3-cyclohe X y 1-2,4-dimethoxy-1,4-cyclohexadiene 
gave a 99% crude yield. An analytical sample was obtained by 
crystallization from ethyl acetate to give a white solid, mp 170 
- 173°C; IR (KBr pellet): 2920, 2850, 2580, 1550, 1350, 1280,
1195; ^H NMR (py d5 - CDCI3 ): ppm 1.50 (m, 11 H), ppm 2.65 (m, 6
H ) , ppm 3.00 (d, — .5 H, keto tautomer, J = 9 Hz), ppm 8.35 (s,
5 H, -OH of enol tautomer).
N-(Phenylthio)phthalimide (NPTP)
The procedure followed in the synthesis of NPTP was that 
described by Behforouz and K e r w o o d . ^ 9  Chlorine gas was bubbled 
into a mechanically stirred solution of benzenethiol (55 g, 0.5 
mole) in 300 ml of pentane at 0°C until an assay of the resulting 
solution showed that conversion of the thiol to sulfenyl chloride 
was almost complete. For the assay, aliquots of the reaction 
mixture were quenched in benzene containing morpholine and biphenyl 
(the internal standard). After diluting with water, the benzene 
layer was analyzed by gc. When the diphenyl sulfide was almost 
gone, CI2 addition was stopped, and the reaction mixture was put 
into a 500 ml addition funnel.
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The sulfenyl chloride solution was added dropwise to a 
mechanically stirred mixture of phthalimide (73.5 g, 0.5 mole) 
and triethylamine (83 ml, 60 g, 0.6 mole) in DMF (200 ml). This 
thick yellow suspension was stirred for 30 minutes, then was 
transferred to a 4 L beaker, and 2 L of cold water was added.
The mixture was stirred by hand and filtered. Recrystallization 
of 20 to 30 g portions at a time was carried out in about 700 ml 
ethanol to yield 136 g of NPTP (99%). Some diphenyl sulfide was 
present in the later crystallizations of the product, but the 
first crystallizations were pure; mp 160 - 161°C.
2-Methy1-2-phenylthio-1,3-cyclohexanedione
2-Methy1-1,3-cyclohexanedione (252 mg, 2.00 mmole) and NPTP 
(510 mg, 2.00 mmole) were stirred in benzene (10 ml).
Triethylamine (0.6 ml) was added, and the solution was heated at 
reflux for 2 hours, until TLC (CH2CI2 ) indicated the complete 
disappearance of NPTP. The mixture was then cooled to room 
temperature and concentrated. The brown semi-solid residue was 
taken up in CCI4 (10 ml) and filtered to remove phthalimide
residue. The CCl^ phase was washed once with 1 M H 2SO4 (5 ml)
and dried over anhydrous MgSO^. Concentration of the filtrate 
yielded a crude product which was recrystallized from ether to 
give a white solid, 80% yield, mp 89 - 90°C, IR (CHCI3 ): 3010,
2950, 2920, 2860, 1720, 1680, 1430, 1310, 1270, 1020; ]H NMR
(CDCI3 ): ppm 1.30 (s, 3 H ) , ppm 2.30 (m, 4 H ) , ppm 3.15 (m, 2
H ) , ppm 7.35 (m, 5 H).
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2-Ethy1-2-phenylthio-1,3-cyclohexanedione
The procedure followed was analogous to that of the 
2-Methyl-2-phenylthio-1,3-cyclohexanedione. The crude product 
was recrystallized from ether to give a white solid, 73% yield,
mp 83 - 84°C; IR (CHC13 ): 3010, 2960, 2920, 1720, 1680; ]H NMR
(CDCI3 ): ppm 0.65 (t, 3 H, J = 7 Hz), ppm 1.95 (q, 2 H, J = 8
Hz), ppm 2.65 (m, 6 H ) , ppm 7.35 (m, 5 H).
2-Isopropyl-2-phenylthio-1,3-cyc1ohexanedione
2-Isopropyl-1,3-cyclohexanedione (616 mg, 4.00 mmole) and 
N-phenylthiophthalimide (1.020 g, 4.00 mmole) were stirred in 
benzene (20 ml). Triethylamine was added dropwise, as the reaction 
stirred, until all of the dione had dissolved. The solution was 
heated at reflux overnight (about 20 hours). The mixture was then 
cooled to room temperature and concentrated. The dark brown 
semi-solid residue was taken up in CCI4 (20 ml) and filtered 
to remove phthalimide residue. The CCI4 phase was washed once with 
1 M H 2SO4 (10 ml) and dried over anhydrous MgSO^. The crude black 
product was passed through a column of neutral alumina with CH2CI2 
to give — '50% crude yield. The filtrate was concentrated into a 
reasonably pure oil, but recrystallization from ether did not 
produce any solid, IR (CHCI3 ): 3000, 1775, 1735, 1705, 1275; ]H
NMR (CDCI3 ): ppm 1.15 (d, 6 H, J = 7 Hz), ppm 1.80 (m, 2 H ) , ppm
2.50 (m, 5 H ) , ppm 7.30 (m, 5 H ) .
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2-Cyclopentyl-2-phenylthio-l,3-cyclohexanedione
The procedure followed was analogous to that of the 
2-isopropy1-2-phenythio-1,3-cyclohexanedione. The crude product 
was passed through a column of neutral alumina with CH2CI2 to 
give —50% crude yield. The filtrate was concentrated and 
recrystallized from ether to give a colorless solid, mp 70 - 
71° C , IR (CHCI3 ): 3000, 2940, 2860, 1713, 1685; ]H NMR (CDCI3 ):
ppm 1.63 (m, 9 H), ppm 2.15 (m, 6 H), ppm 7.35 (m, 5 HO.
2-Cyclohexyl-2-phenylthio-1,3-cyclohexanedione 
Refer to the procedure followed to prepare
2-isopropy1-2-phenylthio-1,3-cyclohexanedione. The crude product 
was passed through a column of neutral alumina with CH2CI2 to 
give —50% crude yield. The filtrate was concentrated and 
recrystallized from ether to give a colorless solid, mp 110 - 
111°C; IR (CHCI3 ): 3000, 2920, 2840, 1735, 1685; ]H NMR (CDCI3 ):
ppm 1.65 (m, 11 H ) , ppm 2.45 (m, 6 H), ppm 7.30 (m, 5 H).
9-Methyl spiro [5.5] undec-8-ene-1,5-dione
To a solution of 2-methy1-2-phenylthio-1,3-cyclohexanedione 
(468 mg, 2.00 mmole) in CH2CI2 (20 ml), in an ice bath, was added 
dropwise meta-chloroperoxybenzoic acid (1.4 equiv., 2 .8 mmole,
575 mg of 85% titre) in CH2CI2 (25 ml). Isoprene (80 ml) was 
added all at once, and the reaction mixture was warmed to reflux 
for 40 minutes. The reaction mixture was then cooled and washed 
with an equal volume of phosphate buffer (pH = 7.1). The organic
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phase was separated, dried over anhydrous MgSO^, filtered, and 
concentrated in vacuo. Column chromatography (CH2CI25 silica 
gel) gave a 41% isolated yield, which was crystallized from 
ether/hexanes to give white crystals, mp 90 - 91°C, IR (CHCI3 ): 
3010, 2960, 2900, 1720, 1685, 1425; ]H NMR (CDCI3 ): ppm 1.65 (s,
3 H ) , ppm 2.00 (m, 6 H), ppm 2.65 (m, 6 H ) , ppm 5.40 (s, 1 H ) .
7,9-Dimethyl spiro [5.5] undec-8-ene-1,5-dione
The procedure followed was analogous to that of the 9-Methyl 
spiro [5.5] undec-8-ene-1,5-dione. Column chromatography gave a 
38% isolated yield, which was crystallized from ether/hexanes to 
give white crystals, mp 52 - 53°C, IR (CHCI3 ): 3000, 2960, 2900,
2860, 2820, 2710, 1715, 1680, 1425, 900; ]H NMR (CDCI3 ): ppm
0.85 (d, 3 H, J = 7 Hz), ppm 1.60 (s, 3 H), ppm 2.55 (m, 11 H),
ppm 5.35 (s , 1 H ).
2-Cyclopenty1idene-1,3-cyclohexaned ione
To a solution of 2-cyclopenty1-2-pheny1thio-1,
3-cyclohexanedione (70 mg, 0.25 mmole) in CH2CI2 (10 ml), in an 
ice bath, was added dropwise meta-chloroperoxybenzoic acid (1.1 
equiv., .275 mole, 56 mg of 84% titre) in CH2CI2 (25 ml). The 
reaction mixture was warmed at reflux for 40 minutes. The reaction 
mixture was then cooled and washed with an equal volume of 
phosphate buffer (pH = 7.1). The organic phase was separated, 
dried over anhydrous MgSO^, filtered, and concentrated in vacuo. 
Column chromatography (CH2CI2 J silica gel) gave a 89% isolated
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yield, which was in the form of a yellow oil, IR (CHCI3 ): 3020, 
2960, 2880, 1735, 1690, 1650, 1550, 1320, 1290; ]H NMR (CDCI3 ): 
ppm 1.75 (m, 4 H ) , ppm 1.95 (quintet, 2 H, J = 6 Hz), ppm 2.55 (t,
4 H, J = 6 Hz), ppm 3.00 (m, 4 H).
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